Abstract: European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis total precipitation estimates are validated against ten years of in situ precipitation measurements onboard of ships over the Baltic Sea. A statistical analysis for binary forecasts and mean rain rates derived from all data show a good agreement with observations. However, a closer look reveals an underestimation of ERA-Interim total precipitation in spring and an overestimation in autumn, obviously related to stability. Deriving stability and evaporation by a bulk flux scheme it could be shown, in fact, that ERA-Interim underestimates precipitation for conditions with low evaporation and strongly overestimates it for conditions with high evaporation. Since ERA-Interim surface fields become too dry with increasing evaporation compared to independent synoptic ship observations, uncertainties in the ECMWF convection scheme may possibly cause these biases in seasonal precipitation.
Introduction
The Baltic Sea is a semi-enclosed sea, which is strongly influenced by human activities due to its location. Therefore, there is a need to investigate the functioning of the marine system, for which the energy and water cycles determine the boundary conditions. Several efforts have been undertaken within the BALTEX (BALTic Sea EXperiment) research program [1, 2] to improve our understanding of these cycles and their interconnections. However, despite progress in Baltic Sea research, several gaps remain. For example, [1] found that changes in ocean salinity are not fully understood and modelling of the hydrological cycle in atmospheric climate models is severely biased. They, thus, concluded that more detailed investigations of regional precipitation and evaporation patterns are still needed.
The past decade has also seen great improvement in the creation of reanalysis datasets, which may serve as an additional source of information. However, [3] performed a comprehensive study of several reanalysis data sets including ERA-Interim [4] and found that the reanalyses produce quite good results for precipitation over land but, evaporation, precipitation, and their difference, are not stable over the ocean. He suggested that these data probably should only be used if their validity can be demonstrated. This is difficult, mainly due to the lack of ground-based measurements over the sea. Thus, most precipitation estimates are based on algorithms applied to satellite data, like GPCP (Global Precipitation Climatology Project) [5, 6] , the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite data [7, 8] , or IMERG (Integrated Multi-satellitE Retrievals for Global precipitation measurement [9] ) to mention a few. However, concerns have been expressed over the need for further work to evaluate these data sets [10] . This is supported by a study of [8] , who pointed out that state-of-the-art satellite retrievals and reanalysis datasets still disagree on global precipitation amounts, patterns, variability, and temporal behavior, with the relative differences increasing poleward. Several studies have also shown that ERA-Interim overestimates especially the frequency of rain events, see e.g., [11] or [12] .
Most of the validation studies compared data to measurements on small islands or atolls, although the representativeness of these measurements for open-ocean rainfall is still an open question [13] . To overcome this problem, the present validation study of ERA-Interim precipitation over the Baltic Sea only use in situ measurements of precipitation by ship rain gauges for a ten year period from 1995 to 2004.
Data

Ship Rain Gauge Measurements
The ship rain gauge [14] is commercially available from Eigenbrodt Environmental Measurement Systems near Hamburg, Germany. An outstanding feature of the ship rain gauge is an additional lateral collector, which is especially effective under high wind speed conditions. Both collectors are separately connected to drop forming devices. This allows the derivation of precipitation rates together with measured relative wind speed. Details of the algorithm are given in [15] . Comparisons to other instruments show that the ship rain gauge performs well and gives nearly unbiased estimates of rainfall [16] . Simultaneous measurements of a ship rain gauge and an optical disdrometer onboard the R/V Alkor over the Baltic Sea also emphasize the ability of the ship rain gauge to accurately measure rain rates [17] .
Ship rain gauges have been mounted on a number of research vessels and merchant ships. The position and time at the end of each measurement interval were taken from additional GPS (Global Positioning System) information. Measurement intervals were 8 min on most ships; only R/V Alkor has original measurement intervals of 1 min, which were integrated over 8 min for validation purposes. Figure 1 shows measurement periods of each ship used in this study, which span in total the period from 1995 to 2004. Since ship rain gauges are not suitable to measure snow, only data collected at air temperatures above 4˝C [18] have been used. Since air temperatures were not measured on all ships, they are taken from the collocated ERA-Interim product.
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ERA-Interim Reanalysis Precipitation Data
Precipitation data are provided in the ERA-Interim reanalysis [4] . Here, short-range forecast data are used as recommended by [19] , constituting the final part of the ECMWF reanalysis compilation loop, which is produced with the Integrated Forecasting System [4] and comprises a forecast model 
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Atmosphere 2016, 7, 82 3 of 13 loop, which is produced with the Integrated Forecasting System [4] and comprises a forecast model with three fully-coupled components representing the atmosphere, the land surface, as well as ocean waves. The atmospheric forecast model used for ERA-Interim has a 30 min time step and a spectral T255 horizontal resolution, which corresponds to roughly uniform 79 km spacing for surface-and other grid point fields [20] . For validation purposes total precipitation data have been extracted from the open-access ECMWF Data Server, as well as the land sea mask. Data consist of three hourly surface forecast fields from January 1995 to December 2004, which are initiated at 00 UTC and 12 UTC. The forecast data's temporal resolution is twice as large as that of the surface analysis fields, which makes it attractive for validation studies. The ERA-Interim data used within this work are grid point values, meaning that they are not averaged area-wise but are rather valid at the exact location of the grid points [21] . Forecasted total precipitation data are given in the form of accumulated fields. To obtain the average between two time steps, the grid point-wise difference of both single fields was retrieved and multiplied by the inverse of the time step.
Supplementary Data ERA-Interim
Three hourly estimates of air temperature, dew point temperature, sea surface temperature, air pressure, wind speed, and instantaneous evaporation were downloaded from the ECMWF server as supplementary data. These data are also short-range forecast data due to their high temporal resolution.
They are used to analyze the meteorological conditions in terms of stability and evaporation, which may influence the precipitation forecast [22] . Stability was derived by applying two bulk parameterization schemes [23, 24] . Furthermore, ERA-Interim 2 m temperatures were used to eliminate measurements of solid precipitation, as mentioned above.
Supplementary Marine Meteorological Data
To ensure that estimates of stability or evaporation are not biased due to biases in the ERA-Interim reanalysis data, we use high-quality ship observations as an additional source of information. These are hourly in situ data, which originate from the marine meteorological data archive of the German Meteorological Service (DWD), supervised by the Seewetteramt Hamburg (SWA).
These are measurements in hourly resolution. We extracted air pressure p, air temperature T, dew point temperature Td, sea surface temperature SST, and wind speed u data to estimate stability and latent heat flux independently of the ERA-Interim data. A stability-dependent height correction was applied to air temperature, specific humidity, and wind speed using a bulk flux scheme [23] . Since individual measurement heights are not available in the data, we assume an average measurement height of 18 m [25] .
Weather Radar Data
Rostock weather radar data are used to simulate ERA-Interim grid points and collocated ship observations. It is located directly at the southern coast of the Baltic Sea (54˝10 
Method
Collocation
Our first requisite for collocation is that the time of the observation is within the 3 h forecast interval, which is the time interval used for accumulation of the precipitation. Furthermore, observations were collocated with the four grid points which enclose the ship's position. Therefore, the maximum distance between a collocated measurement and a gridpoint is about 95 km at the most southern part of the Baltic Sea, which agrees well with findings of typical precipitation decorrelation
Atmosphere 2016, 7, 82 4 of 13 lengths of 100 km for a 3 h time interval [26] . Collocated data are merged into single events for each grid point and time, excluding ERA-Interim data over land. Thus, these events last up to 3 h. On average 15 to 16 measurements, each of a duration of 8 min, were collocated to a single grid point. Thus, the observed precipitation rate represents an average over these observations, or about 2 h of data on average. The decorrelation length for this time interval is about 90 km [26] , which is also of the order of the maximum distance chosen for collocation.
The SWA marine data were also collocated with the four surrounding grid points, but here the maximum temporal difference is set to 2 h following [27] .
Stability and Latent Heat Fluxes
Stability, expressed in terms of the Monin-Obukhov stability parameter [28] , and latent heat fluxes were derived from air temperature, humidity, wind speed, air pressure, and SST by applying a bulk scheme [23] . Input parameters are taken from observations of the SWA-dataset and the ERA-Interim reanalysis data. For comparison the COARE bulk flux scheme [24] has also been used.
Simulations
Rostock Weather radar reflectivities over the Baltic Sea were used to get an idea about realistic values for binary yes/no statistics, because we compare along track measurements with grid point data. Therefore, reflectivities Z were transformed into rain rates R by applying a simple ZR-relationship [29] :
Z " 256¨R 1.42 ( 1) which is sufficient for the purposes of binary statistics.
To minimize the effect of erroneous data caused, e.g., by moving ships or wind turbines, all grid points with mean rain rates exceeding plus-minus one standard deviation from the total mean, were excluded ( Figure 2 ). These grid points also show much higher frequencies of precipitation (not shown). To take into account that rain rates are not Gaussian distributed, the bootstrap method was used to compute the standard deviations [30] . ERA-Interim grid points were simulated as a 0.75˝ˆ0.75a
verage over a three hour interval. Simulated collocated observations were taken from the same three hour interval within the 0.75˝ˆ0.75˝area. Observations are simulated by 2ˆ2 radar pixels, which is an area of approximately 2ˆ4 km 2 , to take into account that precipitation measurements took place on moving ships, covering a distance of about 5 km during an 8 min interval. In accordance with the typical numbers of collocated observations over the Baltic Sea (Section 3.1) we have randomly chosen 15 simulated observations for each ERA-Interim grid point.
Binary Statistics
Following the recommendations given by the WMO (World Meteorological Organization) for binary or dichotomous estimates [31] , 2ˆ2 contingency tables are computed. They contain the hits (both ERA-Interim and measurements give precipitation), the correct negatives (both ERA-Interim and measurements give no precipitation), the misses (observation gives precipitation in contrast to ERA-Interim), and the false alarms (ERA-Interim gives precipitation in contrast to measurements).
This allows us to derive the accuracy, bias score, probability of detection (POD), success ratio, and critical success ratio. The accuracy is the fraction of correctness; 1 indicates perfect accuracy. The accuracy also depends on the number of correct negatives. The bias score answers the question: How does the ERA-Interim frequency of "yes" events compare to the observed frequency of "yes" events? A score of 1 means that both datasets include the same number of precipitation events; a larger bias score indicates that there are more precipitation events in the ERA-Interim reanalysis data. The POD gives the portion of measured precipitation events that can also be found in the ERA-Interim reanalysis data, with 1 indicating perfect agreement and 0 no agreement, while the success ratios give the fraction of precipitation events in ERA-Interim reanalysis data that are also seen in measurements. Again, a score of 1 indicates perfect agreement while 0 indicates maximum disagreement. The success ratio is equal to 1 minus the false alarm ratio, where the false alarm ratio gives the fraction of the observed non-events which were incorrectly forecasted as yes.
points with mean rain rates exceeding plus-minus one standard deviation from the total mean, were excluded ( Figure 2) . These grid points also show much higher frequencies of precipitation (not shown). To take into account that rain rates are not Gaussian distributed, the bootstrap method was used to compute the standard deviations [30] . ERA-Interim grid points were simulated as a 0.75° × 0.75° average over a three hour interval. Simulated collocated observations were taken from the same three hour interval within the 0.75° × 0.75° area. Observations are simulated by 2 × 2 radar pixels, which is an area of approximately 2 × 4 km 2 , to take into account that precipitation measurements took place on moving ships, covering a distance of about 5 km during an 8 min interval. In accordance with the typical numbers of collocated observations over the Baltic Sea (Section 3.1) we have randomly chosen 15 simulated observations for each ERA-Interim grid point. 
Results
Binary Statistics
In general, results of binary statistics between point measurements and areally/temporally-averaged estimates are difficult to interpret. For example, the probability to detect a precipitation event by a point measurement is smaller than by an areally/temporally-averaged estimate. As a consequence, the bias score is expected to take values greater than 1. To get an idea of reasonable values, the contingency tables (Tables 1 and 2 ) are derived from the collocated events, as well from simulations (Section 3.3). Results for the POD, bias score, critical success ratio, success ration, and accuracy are given in Table 3 . For comparison, the results are given for simulated collocated data based on radar reflectivities. All numbers are quite similar so it can be stated that ERA-Interim precipitation, despite to systematic deviations in the rain rates, shows, in general, a good agreement with observations for the Baltic Sea area. A relatively high number of false alarms, mainly caused by the high precipitation frequency of the ERA-Interim data, is obvious and was also found in several studies (e.g., [11] or [12] ), as mentioned in the introduction. Table 3 . Probability of detection (POD), critical success index (csi), bias score, success ratio, and accuracy for collocated events of ERA-Interim rain data with rain measurements and simulated data according to contingency Tables 1 and 2 .
ERA and Measurements
Simulated Data POD 0.7475 0.7598 csi 0.3612 0.3238 bias score 1.8170 2.1063 success ratio 0.4114 0.3607 accuracy 0.7385 0.8890
Annual Precipitation
Mean annual fields are based on more than 200,000 collocated events, each containing 15 to 16 collocated observations (Section 3.1). To make reliable estimates only grid points based on more than 10,000 pairs of collocated data are taken into account. The agreement between ship measurements and ERA-Interim precipitation is good ( Figure 3) ; mean values and standard deviations are 0.079˘0.025 mm¨h´1 derived from ship measurements, and 0.075˘0.016 mm¨h´1 derived from the ERA-Interim estimates. Differences between the fields are well within one standard deviation, estimated by the bootstrap method [30] . With respect to annual fields, please note that all situations with solid precipitation were excluded.
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Seasonal Precipitation
Seasonal comparisons give a different picture. In spring (MAM) ERA-Interim underestimates precipitation compared with measurements; in summer (JJA) the observed precipitation agrees nicely with the reanalyzed precipitation while, in autumn (SON), ERA-Interim overestimates precipitation (Figure 4) . Upper panels gives the frequencies of stable and unstable stratification (0%: none unstable stratification; 50%: in 50% of all cases stratification is unstable; 100%: always unstable stratification), bottom panels show precipitation ratios.
These biases might be correlated with atmospheric stability, which undergoes certain changes throughout the year, with prevailing stable conditions in spring and unstable conditions in autumn, Upper panels gives the frequencies of stable and unstable stratification (0%: none unstable stratification; 50%: in 50% of all cases stratification is unstable; 100%: always unstable stratification), bottom panels show precipitation ratios.
These biases might be correlated with atmospheric stability, which undergoes certain changes throughout the year, with prevailing stable conditions in spring and unstable conditions in autumn, and is closely related to evaporation or latent heat flux. To check this assumption, stability in terms of Monin Obukov length has been estimated using a bulk flux scheme [23] , in the following called the GEOMAR bulk flux scheme. Stability estimates are derived from ERA-Interim products. Figure 4 shows the relative frequency of unstable and stable conditions, in comparison to the ratio of reanalyzed to measured precipitation. Indeed, ERA-Interim overestimates precipitation during prevailingly unstable conditions in autumn, and underestimates it during prevailingly stable conditions in spring, while during the summer months, where the occurrence of stable and unstable stratification is balanced, the agreement between measurements and reanalysis data is good. For the winter months no analysis is possible due to mostly snowy conditions. However, estimates of stability might be influenced by thus far unknown uncertainties in the reanalyzed input parameters for the bulk routines: temperatures, wind speed, humidity, and air pressure. To check this, independent ship observations have been used, reducing the observed air temperature, humidity, and wind speed stability-dependency from 18 m height [25] to 2 m and 10 m height, respectively, and comparing them to the ERA-Interim data (Table 4) . Except for wind speed, the agreement is good between the reanalysis products and observations; biases are generally small and correlation coefficients are 0.94 and more. Results also show that the difference of air and sea surface temperature is not biased. Therefore, the sign of stability is only somewhat affected due to the small differences in the regression coefficients. However, wind speeds are biased by about 1 m/s and show a large scatter, which is reflected in a low correlation coefficient of 0.65. Table 4 . Comparison of ERA-Interim (ERA) air pressure p, 2 m air temperature T, 2 m dew point temperature Td, SST, 10 m wind speed u, and latent heat flux LE derived from instantaneous evaporation to observations (Obs) from the SWA marine dataset, reduced to 2 m or 10 m height by applying the GEOMAR bulk flux scheme. The latent heat flux from observations was also computed by using the GEOMAR bulk flux scheme. The linear regression is derived from a forward and inverse linear regression weighted by the variances to take into account errors in both ERA-Interim and ship data. This has consequences for the uncertainties of the related flux of latent heat. The positive bias in wind speed, in combination with slightly too dry air, leads to a small positive bias of 5.7 W/m 2 in ERA-Interim instantaneous evaporation expressed in terms of latent heat flux, compared to the latent heat flux based on ship observations using the GEOMAR bulk flux scheme. The correlation coefficient is 0.75 due to scatter in wind speeds. To check whether this is caused by the used bulk flux scheme, a comparison with the COARE algorithm [24] was performed. Results depict a pretty good agreement in terms of estimated latent heat fluxes between both bulk flux schemes. The correlation coefficient is 0.999 and the COARE bulk flux scheme gives only slightly higher fluxes, the bias to the GEOMAR bulk flux scheme is 2.7 W/m 2 .
Parameter
Influence of Stability on Precipitation
Thus, it is possible to estimate the ratio of ERA-Interim precipitation to measured precipitation as a function of latent heat fluxes ( Figure 5 ). Latent heat fluxes were calculated by using the ERA-Interim temperature, humidity, wind speed, and pressure information as input values of the GEOMAR bulk flux scheme. The gray shaded area gives the ratio, plus/minus one standard deviation. It was Atmosphere 2016, 7, 82 9 of 13 discovered that ERA-Interim gives too low precipitation values at low or slightly negative latent heat fluxes, though this result is not significant. With increasing latent heat flux, however, ERA-Interim increasingly overestimates precipitation up to a factor of two, which is significant for latent heat fluxes exceeding 130 Wm´2. This may indicate that the convection in the ERA-Interim reanalysis scheme is overestimated. As shown in a report of [32] there is a causal relationship between convection and temporal changes in humidity in the IFS (ECMWF Integrated Forecasting System). The negative bias in humidity, compared to marine observations, increases with increasing latent heat flux (Figure 6 ), but it is only spuriously significant.
Atmosphere 2016, 7, 82 9 of 13 ERA-Interim reanalysis scheme is overestimated. As shown in a report of [32] there is a causal relationship between convection and temporal changes in humidity in the IFS (ECMWF Integrated Forecasting System). The negative bias in humidity, compared to marine observations, increases with increasing latent heat flux (Figure 6 ), but it is only spuriously significant. 
Fresh Water Budget P − E
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Fresh Water Budget P´E
Estimates of precipitation (P) and latent heat fluxes (or evaporation (E)) allow the computation of the fresh water budget of the atmosphere and ocean. The mean precipitation of all collocated events is 657 mm¨a´1 based on ERA-Interim data. The mean evaporation derived from ERA-Interim instantaneous evaporation is 557 mm¨a´1, resulting in a fresh water flux of P -E = 100 mm¨a´1. Observations give a higher annual precipitation of 692 mm¨a´1 and a lower evaporation of 488 mm¨a´1, which results in a P -E of 204 mm¨a´1. Please take into account that these estimates also exclude situations with solid precipitation. According to the results of Section 4.4 ERA-Interim underestimates precipitation in April/May and strongly overestimates it in September/October compared to observations, while ERA-Interim precipitation agrees well with observed precipitation in July/August (Table 5) . As expected, the Baltic Sea freshens in spring and becomes saltier in autumn, which is less prominent for ERA-Interim data than for observations (Table 5) . Table 5 . Monthly precipitation P and fresh water budget P -E of ERA-Interim compared to collocated observations based on all collocated events.
April/May
July/August September/October P ERA-Interim 36 mm¨month´1 54 mm¨month´1 62 mm¨month´1 P observation 54 mm¨month´1 57 mm¨month´1 51 mm¨month´1 P -E ERA-Interim 24 mm¨month´1´2 mm¨month´1´13 mm¨month´1 P -E observation 44 mm¨month´1 7 mm¨month´1´16 mm¨month´1
Discussion
The main problem in interpreting the results is caused by the comparison of along-track point measurements with estimates integrated over time (ERA-Interim). Moreover, the strong spatial and temporal variability and intermittency of the precipitation further complicate the validation efforts. Thus, we cannot expect a perfect agreement between the different datasets with respect to statistical parameters. To reduce this problem the data have been merged into events. To obtain an idea of reasonable statistical numbers, simulations of point-to-area collocations have been constructed based on weather radar reflectivities over the Baltic Sea. The summarized statistical parameters, compared to the results for simulations of point-to-area collocation, show a reasonable ability of ERA-Interim to detect precipitation. However, the results also show that ERA-Interim overestimates the frequency of precipitation, as has also been shown in earlier studies, see [11] or [12] .
Nevertheless, averaged precipitation rates are close to the measured ones on an annual basis. However, a closer look on a seasonal basis reveals weaknesses related to stability and evaporation/latent heat fluxes. To ensure that this is not an artefact due to biases in ERA-Interim products, ERA-Interim atmospheric standard parameters, i.e., air temperature, sea surface temperature, dew point temperature, air pressure, wind speed, and evaporation (in terms of latent heat fluxes) have been validated against observations available in the SWA marine dataset. It was found that there are also considerable uncertainties in estimated latent heat fluxes mainly due to uncertainties in wind speed. These uncertainties are of the same order as given in a study of [33] for comparisons between measurements and different models over the Baltic Sea, biases in their study range froḿ 11.5 to 25 Wm´2, standard deviations from 29.5 to 46.8 Wm´2, and correlation coefficients from 0.61 to 0.78. In conjunction with a regression coefficient close to 1 (Table 4) , it can be concluded that the ERA-Interim products are of sufficient accuracy.
This allows relating the biases in ERA-Interim precipitation to latent heat fluxes. My main result is that there is a significant overestimation of ERA-Interim precipitation for situations with high evaporation. Following [34] or [22] this might be caused by uncertainties in the parameterization of the convection in the IFS. Consequently an overestimation of the precipitation indicates too much convection in the model, which should be related, according to [32] , to atmospheric humidity. Indeed, it could be shown that ERA-Interim becomes drier with increasing latent heat fluxes compared to observations close to the surface. These data suggest investigating the convection scheme in detail, but this is not within the scope of this study.
Mean annual precipitation estimates should be taken with care, because data are restricted to rain data only. Nevertheless, estimated annual precipitation is only slightly higher than other estimates as [33] or [35] , who gave values ranging from 600 to 640 mm¨a´1. This is to be expected because monthly precipitation during the winter season is lower than average monthly precipitation for the Baltic Sea area, see [33] or [35] . Estimated latent heat fluxes are comparable to other estimates, which are 39 to 44 Wm´2 [36] or 42 Wm´2 [35] The comparison of ERA-Interim latent heat fluxes with estimates derived from observations shows that uncertainties in terms of bias and standard deviation are of the same order as found in other studies, see e.g., [33] . However it should be noted that even a typical bias in the latent heat flux of 5 W m´2 gives a bias in annual evaporation of about 65 mm. With respect to the numbers given for P´E over the Baltic Sea such uncertainties are not negligible and call for a validation study of ERA-Interim evaporation over the Baltic Sea, as suggested by [1] .
Conclusions
The comparison of the binary statistics based on the ERA-Interim product and collocated observations of rain, with results derived from simulated fields and observations based on weather radar reflectivities and the good agreement of the annual precipitation rates with observations, indicate that ERA-Interim precipitation is of sufficient accuracy over the Baltic Sea area. These fields can be used in combination, e.g., with ERA-Interim evaporation information, to estimate the annual fresh water budget, P -E.
However, the most important result is the overestimation of ERA-Interim precipitation with increasing evaporation. This has consequences for the sea surface salinity on a sub-annual time scale. Using ERA-Interim data as input fields for ocean modelling, the ocean becomes too fresh for unstable atmospheric conditions in autumn, and less certain, too salty under stable atmospheric conditions, as are typical for spring. This correlation should also be investigated for areas over the open ocean, where the land influence, always present for a semi-enclosed sea like the Baltic Sea, can be neglected. A number of precipitation measurements are also available for the Atlantic Ocean (e.g., [17] or [37] ), which allow for such a study.
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